Abstract: In this paper, an optical correlator which adopts planar integrated 2F structure and optimal tradeoff synthetic discriminant function filter is proposed to improve the system integration and the recognition ability. The specialized digital microlens is designed for the correlator to replace the physical lens. By the theoretical analysis, the structural design conditions and parameters of the correlator are given, and the system volume is 63.1 cm 3 which is only half of the planar integrated 4F optical correlator. Moreover, simulations and experimental research works reveal that the correlator can achieve stable recognition to the input object of distortion with scaling (52%, 150%), rotation (-50°, +42°), and existed scaling (72%, 130%) and rotation (-36°, +38°) simultaneously. Theoretical analysis and experimental results indicate that the planar integrated optical correlator with compact structure and high integration has good performance of distortion invariant recognition.
Introduction
The optical correlation recognition was proposed by Vander Lugt (Vander Lugt Correlator, VLC) in 1964 [1] . The input object is filtered by the matched filter in the spectrum plane after Fourier transform, then through the inverse Fourier transform, the correlation peak can be detected at the receiving plane. Embracing advantages in parallel processing, large space bandwidth product, high signal to noise ratio, the VLC correlator has been widely used in pattern recognition, machine vision, massive information retrieval, information security and artificial intelligence. At present, the VLC optical correlator has been developed from the original 4F structure to the 2F structure [2] , [3] , and from the coaxial system to the planar integrated system [4] - [6] . But the 2F optical correlator which adopts two spatial light modulators [2] , defects in components separation, low integration and stability; additionally, the 2F optical correlator which adopts single spatial light modulator [3] has the problem of small space bandwidth product, less transferred information and low resolution. There is no report about the ability of distortion recognition on these two optical correlators. In 2008, our lab proposed a planar integrated 4F optical correlator model [4] , [5] , and then proposed a coaxial lensless micro-optical correlator model for developing the 4F optical correlator to 2F structure, which lay the foundation to the research on the planar integrated 2F optical correlator presented in this paper.
The matched filter plays an important role to the recognition ability of the correlator, because of the filter that with large distortion tolerance can enlarge the distortion invariant recognition range and enhance the stability and accuracy of the system in practical application. The filter design algorithm is widely studied in pattern recognition. Based on the basic idea of synthetic discriminant function (SDF) [12] , [13] , researchers have proposed various optimization algorithms [14] - [16] . To overcome deficiencies in these algorithms, BVKV Kumar proposed the optimized trade-off SDF (OTSDF) filter [17] with a relative superiority on the performance of distortion invariant recognition. But there is no related report on the application of OTSDF filter in planar integrated 2F structure correlator.
Miniaturization, integration and stable excellent distortion invariant recognition ability will be the advancing direction of optical correlator. In this paper, based on our research on micro-optics in recent years [4] - [11] , a planar integrated correlator is proposed to overcome the shortcomings of the current optical correlator. In this correlator, two spatial light modulators and a CCD are integrated on a substrate without physical lens, the digital micro lens, image and filter information are loaded on the spatial light modulator to simplify the system structure. As a result, the system volume is only half of the original planar integrated 4F correlator system [6] and greatly enhances the integration of the original 2F correlator. An OTSDF matched filter is designed for the correlator to improve indexes such as the distortion tolerance, the correlation peak intensity and the correlation peak shape, which are significant for the judgment of distortion target. The planar integrated correlator can be programmed in real time, with a compact structure, high integration and good distortion recognition ability. In this paper, we focus on the design theory and implementation method of the planar integrated optical correlator, which provides a powerful support for the development of integrated and miniaturized optical correlator.
Design on the Structure of Planar Integrated Correlator
Based on the problems of complex structure and large size of coaxial 4F optical correlator, difficulties in assembling the physical lens of the planar integrated 4F correlator, large volume and low integration of the coaxial lensless optical correlator, the structure model of the planar integrated 2F correlator is proposed and shown in Fig. 1 . In this model, the traditional coaxial correlator structure is changed to the folding reflective optical path structure which is composed by two parallel planes. The upper plane is a reflecting plane of polarization, and the spatial light modulators (SLM1, SLM2) and CCD device are placed on the bottom plane. Input object and the filter combined with the digital lens are loaded on the SLM1 and SLM2 respectively to avoid using physical lens. This structure can largely compress the optical path, reduce the system volume, and improve the integration of the components.
For convenient demonstration in the experiment, we choose the correlator working wavelength to be 632.8 nm. The CCD is used to receive the correlation signal and the spatial light modulator is pure phase reflection type with resolution of 1080 * 1080 and pixel size of 8 μm * 8 μm.
In order to minimize the system volume, the specific parameters of the optical correlator designed in this paper are shown in Table 1 . N and P are the resolution and the pixel size of the spatial light modulator, λ is the working wavelength, f 1 and f 2 are the focal length of digital micro-lens loading on SLM1 and SLM2, H is the height of correlator, W is the width of the correlator, L is the length of the correlator and α is the incident angle. The optical correlator system is approximated as a cuboid. Its length is:
Its width is: The height H is determined by the focal length of the digital micro-lens, and the distance from the center of the SLM1 to the center of the SLM2 is:
The focal length of the digital micro-lens 1 loaded on the SLM1 equals to the distance from SLM1 to SLM2, and also equals to the distance from SLM2 to CCD. SLM1 and CCD are conjugate relations with lens 2 loaded on the SLM2:
It can obtain f 1 = 2 f 2 by the formula (2) . In order to reduce the stray light interference caused by periodic diffraction of spatial light modulator, the incident angle is set 6°, and f 1 is set 340 mm. By substituting the specific parameters into formula (1), we can obtain H equaling to169.1 mm.
Finally, the optical correlator volume is estimated to be:
Theoretical Analysis on Planar Integrated Correlator
The equivalent optical principle diagram of the planar integrated optical correlator is shown in Fig. 2 . The parallel light is oblique incident with its wavelength is λ and the wave vector is k. The transmittance function of the input object is U 0 (x 0 ,y 0 ), the transmittance function of the lens 1 is t 1 (x 1 , y 1 ), the matched filter function is H (x 2 , y 2 ), the transmittance function of the lens 2 is t 2 (x 2 , y 2 ). The Fourier digital micro-lens need to be designed to match the planar integrated optical correlator. The transmittance of the Fourier lens [18] can be expressed as Formula (3). The phase distribution of Fourier digital micro-lens 1 and micro-lens 2 can be obtained by substituting the structure parameter of the correlator such as α, f 1, f 2, the pixel size P and the pixel number N of the spatial light modulator into Formula (3).
By limiting the phase of two digital micro-lenses to the range from 0 to 2π and converting the phase information into the gray-scale information ranging from 0 to 255, the digital micro-lens grayscale can be obtained. Then the grayscale can be directly loaded on the spatial light modulator. The gray image of the two Fourier digital micro-lenses used in the correlator with focal length equaling to 340 mm and 170 mm are respectively shown in Fig. 3 .
When the light transmits along the inclined coordinates system, the distribution of the optical field on the back surface of SLM1 can be expressed as:
In the oblique coordinate system, the distance of the light transmits from the back surface of the SLM1 to the front surface of the SLM2 is f 1 . According to the Fresnel diffraction formula [19] , the optical field distribution on the front surface of the SLM2 can be expressed as:
So the Fourier transform function of the input object can be obtained on the SLM2 plane, let
The incidence light transmits through the SLM2, and through the matched filter H (x 2 , y 2 ) and digital lens t 2 (x 2 , y 2 ), the optical field distribution on the back surface of the SLM2 can be expressed as:
According to the Fresnel diffraction formula, the optical field distribution of the output surface (CCD receiving surface) can be expressed as
In the formula (8) , when the distance between SLM1 and SLM2 equals to the distance between SLM2 and CCD, and also equals to the focal length of lens loaded on the SLM1:
At the same time, the SLM1 and the CCD are conjugate respect to the digital lens loaded on SLM2.
When the filtering function H (x 2 , y 2 ) is the complex conjugate function of the input object spectral function, F [U 0 (x 1 , y 1 )]. Formula (8) can be changed into:
In Formula (11), the function δ(x cos 2 α, y ) is a gathering spot in physics, indicating that the correlator has implemented the optical autocorrelation operation on the input object, and obtained a pulse function on the output plane. The CCD will detect a clear bright spot, i.e., the correlation peak. By discriminating the correlation peak, we can achieve the optical correlation recognition to input object. According to the theoretical analysis above, the optical correlation recognition can be realized by the planar integrated correlator with meeting the following requirements:
1) SLM2 should be located in the focal plane of digital micro-lens loaded on SLM1.
2) SLM1 and the output surface of the CCD should be conjugate respect to the digital lens loaded on SLM2.
3) The filter loaded on SLM2 should be the matched filter for the input object loaded on SLM1;
4) The distance between SLM1 and SLM2 equals to the distance between SLM2 and CCD, and also equals to the focal length of lens 1loaded on SLM1, and the focal length of lens 1 is twice of the focal length of the lens 2 loaded on SLM2. The 2F structural optical correlator is developed by the 4F optical correlator. Both of them have the same principle of optical correlation recognition. The 2F optical correlator is equivalent to the 4F correlator with a zero distance between the input object and the first Fourier lens, as well as a zero distance between the filtering plane and second Fourier lens. Besides, the 2F system needs to meet the structure requirements for correlation recognition that the filter plane and the input plane are respectively conjugate to the incident parallel light and the CCD [20] . Compared to the coaxial optical correlator, the planar integrated 2F optical correlator has shorter optical path, smaller volume and higher integration.
Simulation and Analysis on the Planar Integrated Optical Correlator
In this paper, the Optimal Trade-off SDF (OTSDF) filter [17] is designed for the planar integrated optical correlator. The expression of the OTSDF filter is:
The OTSDF filter can be regarded as the optimal combination of the filters such as MVSDF [14] , MACE [15] , MACH [16] . In Formula (12), P n ,D x ,S x and m x are respectively the input noise, the average power spectrum matrix of training sample, the covariance matrix of the training samples and vector average of the training samples. The δ/2 is only the scale factor and has no influence on system. The performance of the OTSDF filter can be adjusted by the weight coefficients α, β and γ. The noise suppression ability of the filter can be improved by increasing α; the output correlation peak can be sharpened by increasing β, but the anti-distortion ability of the filter becomes worse; the distortion tolerance of the filter can be improved by increasing γ, but it will widen the bottom of the output correlation peak. This paper focuses on realizing distortion invariant recognition of the proposed optical correlator with the optimized OTSDF filter, which take into account the correlation peak intensity, the correlation peak shape and filter distortion tolerance. The noise interference is eliminated in the training samples which are use to generate the OTSDF. In the simulation and experiment, the weight coefficient of OTSDF filter is set as α = 0, β = 1, γ = 1.
In this paper, the Elaine image is used as the original object to be recognized. Then the OTSDF which is suitable for recognizing the rotation distortion object is produced by the training samples, which is composed by the original image of rotation (-35°, 35°) and interval 5°. As well as the OTSDF which is suitable for recognizing the scaling distortion object is produced by the original images of scaling (65%, 135%) and interval 5%. Furthermore, the OTSDF which is suitable for recognizing the distortion object with existed scaling and rotation simultaneously is produced by the original images of the scale range (70%, 130%)and rotation range (-30°, +30°).
The planar integrated optical correlator adopts the corresponding OTSDF filter to recognize the input distortion objects of scale range (55%, 145%), rotation range (−45°, +45°) and existing the scale range (65%, 135%) and rotation range (-35°, +35°) simultaneously. The distribution of the evaluation indexes of output correlation peak such as the correlation peak intensity (CPI), peak to the correlation energy (PCE) [21] , peak to side-lobe ratio (PSR) [22] are shown in Figs. 4 , 5, and 6, respectively. From the results we can see that the three indexes of correlation peak have a certain degree of fluctuation with the distortion. Especially, when the scaling and rotation distortion exists at the same time, the fluctuation range of PSR index is relatively greater, but the attenuation degree of correlation peak relative to the original image is less than 50%. In practical application, the discrimination threshold of the true and false target can be set as 0.5 times of the output CPI of the original target, it is true targets when the CPI of input object is greater than 0.5 times of the reference CPI, otherwise it is the false target. So the simulation results show that the proposed planar integrated optical correlator with the corresponding OTSDF filter can achieve a certain range of distortion invariant recognition. 
Experiments and Results of the Planar Integrated Correlator
Based on the structure of planar integrated correlator, the verification system of correlator is established on the experimental platform to verify and analyze the ability of distortion invariant recognition. The experimental optical path is shown in Fig. 7 .
In Fig. 7(a) , the LASER is He-Ne laser with working wavelength of 632.8 nm. The parallel light source is provided for the system by the beam expanders. According to the structure parameters, the incidence angle of the light beam is 6°, P is polarizer, R is reflecting mirror, SLM1 and SLM2 are the LCOS pure phase reflective spatial light modulator (HOLOEYE-PLUTO, Germany) and the physical experimental light path diagram is shown in Fig. 7(b) .
In the correlator system, the input image and the Fourier digital micro-lens 1 are loaded on the SLM1. The input image and digital micro-lens 1 were respectively quantized to the grayscale ranging from 0 to 255. Then they were superimposed and modeled to the range from 0-255. Hence the grayscale loaded on the SLM1 can be obtained as shown in Fig. 8(a) . The OTSDF filter and the Fourier digital micro-lens 2 are loaded on SLM2 with the similar method, and the grayscale loaded on the SLM2 can be obtained as shown in Fig. 8(b) .
The experimental verification of the planar integrated optical correlator on the experimental platform is implemented. The input object of various distortions which are respectively combined with the digital micro-lens 1 are loaded on SLM1, and the digital micro-lens 2 which was combined with corresponding OTSDF filter are loaded on SLM2. By inputting different distortion objects on the correlator system, the corresponding correlation signals will be received on the CCD. The experiment results are shown in Fig. 9 . If the CCD can receive a bright spot represents the existence of the correlation peak and the input object is true, if not, the input object cannot be recognized by the correlator. In Fig. 9(a) is the recognition result that the OTSDF filter which was trained by Elaine distortion set of scaling (65%, 135%) with interval 5% was used to recognize the distortion Elaine images of scaling (52%, 160%). In Fig. 9(b) is the result that the OTSDF filter which was trained by Elaine distortion set of rotation ± 35°with interval 5°was used to recognize the distortion Elaine images of rotation (−50°, +46°). In Fig. 9(c) is the result that the OTSDF filter which was trained by Elaine distortion set of scaling ±30% with interval 5% and rotation ±35°with interval 5°at same time was used to recognize the distortion Elaine images of scaling (72%, 130%) and rotation (−36°, +38°) at same time. The results illustrate that the CCD can receive a bright light spot which is the correlation peak, the signal-to-noise ratio is high and easy to be determined. From the experimental results it can be known that the planar integrated correlator proposed in this paper achieve a good recognition performance to the input object distortion of scaling (52%, 150%), rotation (−50°, +42°), existed scaling (72%, 130%) and rotation (−36°, +38°) at the same time. A bright spots is obtained in the correlation region, although there is also a little noise outside of the region. The recognition results can be accurately determined by setting the threshold in the receiving signal. If a false object loads on SLM1, the CCD will not receive the correlation signal. According to the experimental results, the actual performance of planar integrated correlator is in agreement with the simulation results, which can realize the optical correlation recognition of the input object, and have a better recognition performance to the object in the large range of scaling and rotation distortion.
Conclusion
To solve the problem of component separation and weak recognition capability of correlator, a planar integrated correlator is proposed in this paper. Planar integrated 2F structure and OTSDF filter are adopted in the correlator to effectively improve the system integration and distortion recognition ability. Two spatial light modulators and a CCD are integrated on a substrate without physical lens. The system structure is simplified by loading the digital micro lens, image and filter information on the spatial light modulator. By theoretical analysis, the structural design conditions and parameters of the correlator are given and the volume of the correlator is just only 63.1 cm 3 , which is half of the original planar integrated 4F correlator. The OTSDF filter for the planar integrated correlator is designed and simulated. Simulation results reveal that the attenuation degree of the correlation peak indexes of distortion objects relative to the original input image is less than 50%. Then the experimental optical path is established to verify physical performance. Experimental results show that the correlator can achieve the distortion invariant recognition to the input distortion object of scaling (52%, 150%), rotation (-50°, +42°), and existed scaling (72%, 130%) and rotation (-36°, +38°) simultaneously. Theoretical analysis and experimental results show that the planar integrated correlator has the advantages of high integration and good distortion invariant recognition performance, which will be widely applied in machine vision and artificial intelligence.
